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Structural comparisons of calponin homology domains:
implications for actin binding
Sonia Bañuelos, Matti Saraste and Kristina Djinovic′ Carugo*
Background:  The actin-binding site of several cytoskeletal proteins is
comprised of two calponin homology (CH) domains in a tandem
arrangement. As a single copy, the CH domain is also found in regulatory
proteins in muscle and in signal-transduction proteins. The three-dimensional
structures of three CH domains are known, but they have not yet clarified the
molecular details of the interaction between actin filaments and proteins
harbouring CH domains.
Results: We have compared the crystal structure of a CH domain from
β-spectrin, which has been refined to 1.1 Å resolution, with the two CH
domains that constitute the actin-binding region of fimbrin. This analysis has
allowed the construction of a structure-based sequence alignment of CH
domains that can be used in further comparisons of members of the CH
domain family. The study has also improved our understanding of the factors
that determine domain architecture, and has led to discussion on the
functional differences that seem to exist between subfamilies of CH domains,
as regards binding to F-actin. 
Conclusions: Our analysis supports biochemical data that implicate a
surface centered at the last helix of the N-terminal CH domain as the most
probable actin-binding site in cytoskeletal proteins. It is not clear whether the
C-terminal domains of the tandem arrangement or the single CH domains
have this function alone. This may imply that although the CH domains are
homologous and have a conserved structure, they may have evolved to
perform different functions.
Introduction
The calponin homology (CH) domain is a protein
module of ~110 residues found in cytoskeletal and
signal-transduction proteins. Two CH domains in tandem
constitute the actin-binding region of members of
several protein families that cross-link actin filaments
forming meshworks or bundles [1–3]. These families
include proteins such as spectrin, α-actinin, dystrophin,
actin-binding protein 120 (ABP-120), fimbrin and cortex-
illin (Figure 1). The common feature of these proteins is
the presence of the CH domains, but otherwise they
have distinct modular organisation. In addition, many of
these proteins also contain a calmodulin-like domain
with EF-hand motifs [4], and a number of repetitive
domains which act as spacers between the CH domains
and EF-hand motifs determine the nature of the actin
structure (bundle or meshwork). These spacers can have
a triple-helical structure, as in the case of the spectrin
family [5], or an immunoglobulin-like fold, as in the case
of the filamin/ABP-120 family [6].
Most of these proteins assemble as dimers to cross-link F-
actin. For example, α-actinin is an antiparallel homodimer,
and spectrin assembles as a tetramer consisting of two
heterodimers of the α and β subunits. Fimbrin is an
exception within the family as it contains two tandem
actin- binding regions in the same polypeptide chain and
therefore gives rise to tight bundles. There is an emerging
group of recently discovered cytoskeletal proteins that
share an homologous actin-binding region with spectrin,
filamin and fimbrin. The function of these proteins —
which include ACF7, plectin, BPAG1 and its neuronal
variant dystonin [7] — is to connect intermediate fila-
ments to the actin cytoskeleton.
As a single copy, the CH domain is found in proteins that
regulate muscle contraction, such as calponin and smooth
muscle protein 22-alpha (SM22-α), and in signal-transduc-
tion proteins such as Vav and IQGAPs (GTPase-activat-
ing proteins that contain calmodulin-binding IQ motifs)
(Figure 1). IQGAPs have been proposed to bind to F-actin
via the CH domain and thus connect the actin cytoskele-
ton to cell-signalling pathways [8,9]. The sequence com-
parison of CH domains reveals that three branches can be
distinguished within the family. These are formed by the
N-terminal and C-terminal domains of the tandem pair
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(hereafter called CH1 and CH2), and the single CH
domains in proteins, respectively [8] (see below).
We have previously presented the first three-dimensional
structure of a CH domain, the CH2 domain of the actin-
binding region in human β-spectrin, at 2.0 Å resolution
[10]. Subsequently, the crystal structure of one of the actin-
binding regions in fimbrin (containing two CH domains)
has been determined by Goldsmith et al. [11]. All three
CH domains are, as expected, structurally similar. The
domains consist of four main α helices connected by long
loops and two or three shorter helices. Three dominant
helices assemble a parallel bundle, against which the N-ter-
minal helix packs perpendicularly. The structure of the
actin-binding region in fimbrin has further revealed the
relative spatial orientation of the two adjacent CH
domains. This is determined by the long C-terminal helix
of the first domain that connects the two domains into a
compact structural moiety [11].
The cytoskeletal proteins that contain CH domains, are
thought to bind to the same site on F-actin. Cryo-electron
microscopy (cryoEM) has proposed that the actin-binding
region of α actinin [12] binds to filaments modelled
according to Lorenz et al. [13], as a bell-shaped mass
between lobes that could correspond to subdomains 1 and
2 of F-actin. Other interpretations, based on the ribbon
model [14], are also plausible [15] however. In a higher
resolution study, the actin-binding region of fimbrin has
been observed to bind to the same region [16] inducing a
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Figure 1
Scheme illustrating the modular organization
of proteins containing CH domains. The
different modules are colour-coded and
labelled: CH, calponin homology domain; Sr,
spectrin repeat; PH, pleckstrin homology
domain; EF, calmodulin-like domain; Igr,
immunoglobulin-like repeat; coiled-coil, a
region with a propensity to form a coiled-coil;
PR, plectin repeat; CR, calponin repeat; DH,
Dbl homology domain; DAG, diacylglycerol-
binding domain; SH2 and SH3; Src homology
2 and 3 domains; IR, IQGAP repeat; WW,
WW domain; IQ, calmodulin-binding motif;
and GRD, RasGAP homology domain.
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relative movement of actin subdomains. In addition, the
analysis of actin filaments decorated with calponin further
supports binding to this site [17].
Several actin-binding sites have been proposed for pro-
teins in the spectrin, filamin and fimbrin families [18–21].
However, the bulk of experimental evidence suggests
that a conserved hydrophobic region corresponding to
the last 15 amino acid residues in the C terminus of the
CH1 domain forms the binding site. The CH1 domain of
α-actinin is able to bind F-actin, although with lower
affinity than the entire actin-binding region [22]. The
cryoEM data on the actin-binding region of fimbrin at
13 Å resolution show two distinct lobes, which could cor-
respond to the two CH domains. Only one of these lobes
appears to contact the actin filament [16].
These results indicate that the CH2 domain may have a
weak affinity for F-actin, but that it may enhance overall
binding of the tandem domains. It is less clear whether pro-
teins that contain only a single CH domain bind to actin via
this domain. IQGAPs only contain a single CH domain,
however, they appear to cross-link actin filaments — possi-
bly as dimers [9]. In addition, a fragment containing the CH
domain of a yeast IQGAP homologue, Iqg1, binds to actin
[23]. This evidence suggests that these proteins contain a
fully functional actin-binding domain, which may corre-
spond to the CH domain. Conversely, a recent report on the
actin-binding region in calponin maps the actin-binding site
outside the CH domain, which is not sufficient or necessary
for binding [24]. Thus, the functions of single CH domains
remain obscure.
The currently available structural information and the
recent discovery of new proteins containing CH domains
should help us to understand their importance in the
organisation of the actin cytoskeleton. Here, we present
the crystal structure of the second CH domain of β-spec-
trin refined to atomic resolution (1.1 Å), and compare it
with the other known structures of CH domains. We
discuss the structural determinants that stabilize the CH
fold as well as possible functional implications and the
evolution of the domain family.
Results and discussion
Crystal structure of the CH domain
Data to a maximum resolution of 1.1 Å were collected
using synchrotron radiation from a flash-frozen crystal
kept at 100K in a nitrogen stream. The three-dimensional
structure of the CH domain at 2.0 Å resolution was used as
the starting model for the refinement [10]. The refine-
ment with anisotropic thermal parameters against diffrac-
tion data to 1.1 Å resolution converged to an Rcryst of 0.141.
The resulting structure has good geometry (Table 1). A
representative portion of the final electron-density map is
presented in Figure 2. The basic structural features of the
domain are conserved when the resolution of the diffrac-
tion data is increased from 2.0 Å to 1.1 Å. Superposition of
the models before and after the refinement gave a root
mean square (rms) deviation of 0.21 Å for Cα atoms, and
0.35 Å for all protein atoms. As expected, the number of
apparent solvent molecules located in the intermolecular
space increased (from 131 to 209) upon extension of the
diffraction data to higher resolution.
Comparison of CH domain structures
The refined structure of the β-spectrin CH2 domain
(sCH2) was compared with the two CH domains of fimbrin
(fCH1 and fCH2) [11]. Figure 3a shows the superposition
of the three domains. The rms distance between the equiv-
alent Cα atoms (Figure 3b) is 1.60 Å and 1.12 Å for the
structure pairs sCH2 and fCH1, and sCH2 and fCH2,
respectively. The better alignment of the latter pair corre-
lates with a higher sequence identity (20.6% versus 18.9%).
The structure-based sequence alignment of sCH2, fCH1
and fCH2 is shown in Figure 3b. As expected, the structural
conservation is reflected in the higher sequence similarity,
and is stronger in the α helices; the loops accommodate
more variability. The conserved helical regions that can be
unambiguously aligned include the four main α helices —
A, C, E and G — and the short helix F (Figure 3a). This
comparison reveals a mistake in the previous alignment of
CH domains [8,10], namely a two-residue shift in the last
helix. The main differences between the three domains
correspond to an eight-residue insertion after helix A in the
fCH1 domain and to a ten-residue insertion after helix C in
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Table 1
Crystallographic data and refinement statistics.
Space group P21
Cell dimensions
a, b, c (Å) 31.65, 53.95, 32.35
α, β, γ (°) 90.00, 105.44, 90.00
Resolution (Å) 1.1
Measured reflections 199 306
Unique reflections 42 236
Rmerge* 0.044
Completeness (%)
55.0–1.1 Å resolution shell 100.0
Number of protein atoms 887
Number of water molecules 208 
B factor values (Å2)
overall 16.66
protein atoms 13.12
solvent 31.77
Rcryst† 0.141
Rfree‡ 0.187
Root mean square deviation
bond lengths (Å) 0.015
bond angles (°) 2.42
*Rmerge= ∑|Ii–<I>| / ∑Ii, where Ii is the intensity of an individual reflection
and <I> is the mean intensity of that reflection. †Rcryst = ∑|Fo–Fc| / ∑Fo.
‡Rfree is the cross-validation Rfactor computed for the test set of reflections
(7% of the total) which were omitted in the refinement process.
the fCH2 domain. The functional significance of these
inserts, which are peculiar to fimbrin (Figure 4), is not clear.
An alignment of members of the CH domain family was
generated by the stepwise addition of 110 sequences to
the structure-based alignment shown in Figure 3b.
Figure 4 shows the alignment of representative proteins.
As no three-dimensional structure of a single copy CH
domain is available, the alignment of this group is less reli-
able than that of the CH1 and CH2 groups. None of the
amino acid residues is totally invariant in the alignment,
but several clearly conserved regions can be identified
(marked red in Figure 4). These regions mainly map to
the core of the protein, in particular to the α helices A, C
and G. As will be discussed below, many conserved residues
either have an important role in maintaining the overall
architecture of the domain or are involved in the subunit
interface of the oligomeric assemblies. 
Structural conservation
Analysis of the conservation of the residues in the sequence
alignment (Figure 4) and in their environment within the
three-dimensional structures (Figure 3) suggests that this
is partly due to hydrophobic interactions in the core of
the domain. The contacts of the central parallel α helices
C and G dominate the scaffold of the domain. The rest
of the structure can be divided into two main hydro-
phobic cores. The first is formed by the packing of
helix A in an almost perpendicular orientation against the
central helices C and G (Figure 3a). The residues that
correspond to Leu8, Trp11, Cys12, Leu40, Val99 and
Tyr103 of sCH2 (the numbering of residues is shown in
Figures 3b and 4) have conserved hydrophobic character
in all CH domains and make a number of van der Waals
interactions in this core region (Figure 5a). In particular,
the highly conserved Trp11 has an important role in all
three structures: its heterocycle moiety is intercalated in
a parallel orientation between helices C and G. The sim-
ilarity in the conformation of this tryptophan sidechain is
most pronounced in the case of sCH2 and fCH2, whereas
in fCH1 this sidechain has flipped out so as to also con-
tribute to the contacts with the adjacent fCH2 domain.
The stacking interaction between the aromatic rings of
the residues at positions 11 and 103 (tryptophan and tyro-
sine, respectively) appears to be conserved within the
CH2 domains. For instance, in a domain of the Dictyo-
stelium fimbrin (Dd_Fim/4), the replacement of Trp11
for a smaller valine residue is compensated in space by
an increase in the size of the sidechain (a tryptophan) at
position 103 (Figures 4 and 5a).
The short helix B and the loop connecting helices A and B
form a lid to the hydrophobic core made up from helices A,
C and G (Figure 5a). Positions 27 and 31 of helix B have
conserved hydrophobic character, forming a number of
van der Waals interactions with helices A (positions 8, 9, 12),
C (36, 37, 40) and G (95, 96, 99). The A–B loop is linked to
the protein body by the residue Ile24, which is conserved in
hydrophobic character in both CH1 and CH2 domains. In
fimbrin, the corresponding loop in fCH1 is considerably
longer and consequently adopts a distinct conformation
(Figure 3a), but an equivalent function can be attributed to
residue Met149 of fCH1. This structural parity between
residues Ile24 and Met149 of sCH2 and fCH1, respectively,
is reflected in the alignments shown in Figures 3b and 4.
The sequence conservation in this area is less pronounced
within the subfamily of single CH domains, in which the
A–B loop may adopt a different configuration.
The other half of the domain core is buried in the bundle
of helices C, E and G and the short helix F, which has a
similar role in core capping as helix B. In the structure of
sCH2, this core involves aromatic residues Trp31, Phe37,
Phe67, Tyr98 and Tyr102, which are engaged in a series of
stacking interactions (Figure 5b). Their hydrophobic char-
acter tends to be conserved in all CH domains, but only
two aromatic sidechains are found in fCH2 (Tyr302 and
Phe369, corresponding to residues Phe37 and Tyr98 in
sCH2, respectively) and fCH1 has none. As a consequence,
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Figure 2
View of the refined atomic model in the core of the protein shown
together with the final 2Fo–Fc electron-density map. The map is
contoured at a 1.5σ level, where σ represents the root mean square
electron density in the unit cell. The model is shown in ball-and-stick
representation with colour coding for atom type: C, yellow; O, red; and
N, blue. A water molecule is depicted as a red asterisk. (The figure was
generated using the program O [35].)
the distances between the corresponding Cα atoms decrease
by about 10%, resulting in a slight compression of the
protein core of the fimbrin domains.
Other residues of helices C (Ile41), E (Leu63, Ala66,
Ala70) and F (Leu80, Pro82, Ile85) also build up a
network of hydrophobic contacts that appear to be con-
served in the whole family (Figure 4). The core-capping
helix F is connected to the body of the protein by means
of an interaction between residues Leu63 and Ile85,
which again are fairly well conserved in the sequence
alignment. In fCH2, the leucine/isoleucine pair becomes
alanine/valine, and this is correlated to a closer distance
between the backbones of helices E and F.
The high conservation at position 33 (mostly an aspartic
acid residue but also an asparagine, threonine or serine)
can be explained by its capping role of helix C (Figure 4).
The residue at the following position is a glycine in most
domains because a bulkier amino acid would clash with the
sidechain of the facing residue, Leu63. In fCH2, the equiv-
alent position (residue 299) is a serine. The presence of a
larger residue at this position is related to the substitution of
the bulky leucine sidechain with the smaller alanine at posi-
tion 337 (residue 63 in sCH2). Similarly, some CH domains
(e.g. H_TFim/3) have an alanine/cysteine pair at the
positions corresponding to Gly34 and Leu63 in the sCH2
domain. The conservation of features in this part of the
sequence suggests a very similar local conformation in all
CH domains, with helix C probably starting at the same
position. Other well-conserved residues that point to the
preserved length of α helices in the CH domain fold are
Asn26 and Asp91 (N-capping helix B and helix G, respec-
tively) and Pro46 (interrupting helix C).
Conserved polar interactions are implicated either in sta-
bilisation of the domain interface or preservation of
domain integrity. In the latter category, the negatively
charged residue at position 84 (mostly an aspartic acid
residue) is engaged in a hydrogen bond or salt bridge with
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Figure 3
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Structural comparison of CH domains. (a) Stereoview superposition
of the three CH domain structures (sCH2 in green, fCH1 in red and
fCH2 in blue) represented as ribbons. The length of the last helix is
not the same in the three structures because it is determined by the
C-terminal border of the expressed recombinant proteins.
Nevertheless, it is possible that this length is approximately the same
in all CH domains. (The figure was made using the program SETOR
[45].) (b) Structure-based sequence alignment of the three domains.
The coloured regions (same colour code as in (a)) indicate the
regions that could be clearly aligned and which were used for the
three-dimensional superposition in (a).
the residue at position 91 (mostly aspartate or asparagine,
rarely lysine), stabilising the mutual orientation of helices
F and G. In addition, Asp84 can be involved in a sidechain
to mainchain hydrogen bond to the upstream residue 81 in
CH1. In CH2, Asp84 may be involved in a water-medi-
ated interaction with the backbone carbonyl group of
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Figure 4
Sequence alignment of CH domains. The
CH1 group of proteins is on the top, the CH2
group in the middle and the group of proteins
containing single CH domains is at the
bottom. Residue numbers for fCH1 (above
the CH1 group of sequences), fCH2 (below
the CH2 group) and sCH2 (above the CH2
group) are indicated. The numbering scheme
is according to PDB entry 1aoa for fCH1 and
fCH2, and according to PDB entry 1bkr for
sCH2. The blue cylinders represent the
α helices of the sCH2 structure. In columns
where there is a residue conserved in more
than 62% of the sequences, that residue is
coloured red. All isoleucine, leucine, valine,
phenylalanine and tryptophan residues are
coloured grey, unless they are in red columns.
The putative actin- and phosphatidylinositol-
4,5-bisphosphate-binding sites are underlined
by green and red lines, respectively. The
names, data base accession numbers (all
SWISSPROT [SW] or SPTREMBL [SE]
unless otherwise indicated) and sequence
residues are as follows: H_Spc, human β-
spectrin (general form), SW Q01082,
53–163 and 172–281; H_Aac, human α-
actinin (cytoskeletal isoform), SW P12814,
30–140 and 143–253; H_Dtn_1, human
dystonin isoform 1, SE Q13266, 34–143 and
150–258; M_ACF7_1, mouse ACF7 isoform
1, SE P97394, 20–129 and 136–244;
H_Pct, human plectin, SE Q15149, 178–287
and 294–403; H_Dys, human dystrophin, SW
P11532, 14–124 and 133–243; H_Utro,
human utrophin, SW P46939, 30–144 and
149–258; H_Fil, human non-muscle filamin,
SW P21333, 42–154 and 165–272;
Dd_ABP120, Dictyostelium discoideum
ABP120, SW P13466, 11–122 and
124–230; Dd_Cort_1, D. discoideum
cortexillin I, SE Q15813, 7–120 and
123–232; Pp_ABP46, Physarum polyceph-
alum ABP46, PIR S32565, 6–117 and
120–230; H_TFim, human T-fimbrin, SW
P13797, 119–241, 260–379, 393–508 and
514–627; Dd_Fim, D. discoideum fimbrin,
SW P54680, 115–237, 259–369, 378–493
and 500–610; Y_Sac6p, yeast Sac6p, SE
Q03889, 138–264, 286–394, 411–526 and
533–642; H_Clp_H1, human calponin H1,
SW P51911, 27–136; H_SM22, human
SM22-α, SW Q01995, 22–142; H_Vav,
human Vav, SW P15498, 1–124; H-IQGAP1,
human IQGAP1, SW P46940, 43–164;
H_IQGAP2, human IQGAP2, SE Q13576,
40–161; Y_iqgap, yeast IQGAP, SE
Q12280, 110–218; Fc_neurp, cat neuronal
protein, SW P41737, 3–122; Rn_NP25, rat
neuronal protein NP25, SW P37805,
23–141; H_sorfp, human open reading frame,
SE Q15052, 1–111; Ce_c35b8,
Caenorhabditis elegans cosmid (.2), SE
Q18479, 4–123; Mj-CAP-1, Meloidogyne
javanica CAP-1, SE P91763, 24–140;
Y_or367w, a yeast open reading frame, SE
Q08873, 25–141; and Eg_myophag,
Echinococcus granulosus myophilin antigen,
SE Q24799, 23–136. In the proteins where
there are two or four CH domains, their order
from the N terminus is indicated by a number
after the slash (e.g. H_Spc/1 and H_Spc/2
designate CH1 and CH2 of spectrin). (The
figure was produced with ALSCRIPT [46].) 
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Structure
residue 3 in helix A of the CH1 domain. Finally, a con-
served electrostatic interaction can be observed in the
CH2 domain of members of the spectrin family, between
residues 5 and 92. This interaction contributes to the
packing of the N-terminal and C-terminal helices — A
and G, respectively.
The interface between tandem domains
The two consecutive CH domains of fimbrin that consti-
tute the complete actin-binding region have an extensive
interface. The interface is comprised of the N- and and
C-terminal helices of both CH domains, and by the E–F
loop preceding the two C-terminal helices of the second
domain (Figure 6). The mutual orientation of the first
and second CH domain is determined by the interactions
between their C-terminal helices and by the N-terminal
helix of the first domain. The majority (73%) of interac-
tions contributing to the interface are hydrophobic and
build up a network of van der Waals contacts. A number
of the residues in helices A, G and F, which are impli-
cated in this network, are well conserved throughout the
family of cytoskeletal proteins. However, some of these
residues (e.g. positions 129, 132, 218, 228 and 232 in
fCH1, corresponding to 273, 276, 357, 367 and 371 in
fCH2) are also involved in the stabilisation of the domain
fold, or implicated in binding to F-actin (see below). The
salt bridge between residues at positions 125 and 364
seems to be a conserved feature of the complete actin-
binding region (Figure 4), providing a stabilising inter-
action between the N-terminal helix A of the first
domain and the C-terminal helix G of the second domain.
As expected, the corresponding positions are not con-
served within the subfamily of single CH domains.
In fimbrin, the area of the interdomain interface is 790 Å2
(11% of the solvent-accessible area in a CH domain). The
interface is rather planar, with an rms deviation of 2.2 Å
from the least-squares plane through all interface atoms.
The circularity of the interface can be described as the
ratio between the lengths of the principal axes in this
plane; this is 0.55, depicting an elongated shape. The
complementarity between the surfaces in the domain inter-
face can be evaluated by the gap index, which is defined
as the ratio between the gap volume between the mol-
ecules (Å3) and the solvent-accessible area at the interface
(Å2) [25]. The gap index for the fimbrin domains is 2.97 Å.
These parameters (planarity, circularity and gap index)
compare more favourably with those found in protein
complexes in which the subunits can also exist as monomers
[25], rather than with the corresponding parameters for
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Figure 5
Stereoview superpositions depicting the two
hydrophobic core regions of the CH domain.
sCH2, fCH1 and fCH2 are colour-coded as
in Figure 3. The protein backbone is shown
as a ribbon; sidechains of residues discussed
in the text are shown in stick representation.
(a) The first hydrophobic core built up by
helices A, C and G. The sidechains of sCH2
residues Leu8, Trp11, Cys12, Leu40, Val99
and Tyr103, and equivalent ones in fCH1 and
fCH2, involved in van der Waals interactions
are shown. (b) The second hydrophobic core
comprised of helices C, E, G and the short
helix F. Residues Trp31, Phe37, Phe67,
Tyr98 and Tyr102 are conserved in their
hydrophobic, but not aromatic, character
throughout CH domains. (The figures were
made using the program SETOR [45].)
permanent complexes. Therefore, it is possible that the
two domains can dissociate or change their relative orien-
tation upon interaction with F-actin. This observation is
also in line with the fact that a single CH domain is a
stable protein moiety.
The actin-binding site
In spite of the structural information available for the actin-
binding regions of spectrin and fimbrin, the interaction site
with actin has not yet been clearly mapped. Several studies
using mutagenesis, cross-linking and spectroscopy have
implicated residues that are located in different parts of this
region, in both CH domains. We have found that in contrast
to the complete actin-binding region, the isolated sCH2
domain does not bind to F-actin with a significant affin-
ity (Figure 7a). Conversely, a previous study on α-actinin
showed that a construct corresponding to the CH1 domain
does bind to F-actin [22]. A mutagenesis study has identi-
fied residues within the C-terminal part of the α-actinin
CH1 domain that may be involved in actin binding, as their
substitution with alanine abolishes the interaction [20].
These amino acids are mostly hydrophobic (Figure 7b).
This observation agrees with the current paradigm that the
force driving the interaction with actin filaments is at least
partly hydrophobic [21].
One of the surface residues is a highly conserved tryp-
tophan (residue 232 in fimbrin) in the CH1 domain
(Figure 7b). The corresponding residue is smaller and less
well conserved in the CH2 group. Genetic studies in yeast
have shown this tryptophan residue to be involved in actin
binding [26]. Its substitution with cysteine in both actin-
binding regions of Sac6p is able to suppress the deleteri-
ous effect of mutations in actin. Other conserved residues
that belong to the putative binding site map on the outer
face of helix G in the CH1 domain; these residues are
His225, Leu226 and Gly229 in fimbrin.
Figure 7b displays the solvent-accessible surface of the
actin-binding region in fimbrin coloured by sequence con-
servation. Some conserved residues along the last helix of
fCH1 form a groove-shaped patch. As shown in Figure 7c,
the groove surface is mostly hydrophobic. The sidechains
of His225, Leu226 and Trp232, and the mainchain of
Gly229 are partly exposed. This surface seems to include
residues belonging to the CH2 domain, such as Leu272
and Leu367 (Figure 7b). Note that many residues on this
surface are unique to the CH1 and CH2 subfamilies and
not mutually conserved, and they are absent from the sub-
family of single domains (Figure 4).
The combination of the available biochemical information
[18–24,26] and structural analysis suggests that the protein
surface centered around the last helix of the CH1 domain
and probably spanning to the N terminus of the CH2
domain is essential for binding to F-actin. The importance
of the latter area, and possibly other surrounding residues,
may explain why the affinity of the isolated CH1 domain
for actin is one order of magnitude lower than that of the
complete actin-binding region [22], and why the muta-
tions in Sac6p that restore the interaction with actin do not
cluster to a single site [26].
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Structure
(a) (b)
The structure of the actin-binding region of fimbrin and the interface
between the CH1 and CH2 domains. The protein backbone is shown
as a ribbon; sidechains of residues discussed in the text are shown in
ball-and-stick representation. The colour coding ramps from blue (for
N-terminal residues) to red (for C-terminal residues). (a) Ribbon
representation of the actin-binding region of fimbrin. (b) Close-up
stereoview of the region involved at the intersubunit interface. (The
figure was made using the program MOLSCRIPT [47].)
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Figure 7
F-actin binding data and molecular surface of
CH domains involved in the interaction. (a)
Binding of the tandem domains (CH1 and
CH2, residues 1–281; open circles) and the
isolated CH2 domain of spectrin (residues
173–281; filled circles) to F-actin. The data
for the tandem domains was obtained in three
independent experiments and fitted to a
monoexponential curve, giving an estimated
Kd of 20 µM. (b,c) Stereoview Connolly
surface representations of the actin-binding
region of fimbrin (fCH1 and fCH2), calculated
with a sphere radius of 1.4 Å. The surfaces
are coloured according to sequence
conservation: in (b), conserved residues are in
magenta and variable residues are in cyan; in
(c), hydrophobic residues are in yellow and
polar residues are in blue. In (c), the fCH1 and
fCH2 domains are displayed in the same
orientation as in (b), but detached. Labels in
(b) indicate the positions of some residues
discussed in the text and in (c) 1 and 2
indicate the CH domains. (The figures were
prepared with the program Insight II [48].)
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Figure 8
Evolutionary relationships of CH domains.
(a) A phylogenetic tree of CH domains
including the aligned sequences shown in
Figure 4. Red, blue and orange branches
correspond to the CH1, CH2 and single CH
(sCH) subfamilies. The bootstrapping values
of the main branches are 889, 797 and 935,
respectively. (b) A phylogenetic tree based
on the alignment of the actin-binding regions
(CH1 plus CH2) of cytoskeletal proteins.
The scale bar represents the ‘distance’
parameter (percent divergence/100
between pairs of sequences).
H_Spc
H_Dtn_1
H_ACF7_1
H_Pct H_Aac H_Dys
H_Utro
Dd_Cort_1
Pp_ABP46
H_Fil
Dd_ABP120
H_TFim/1
Dd_Fim/1
Y_Sac6p/1
H_TFim/2
Dd_Fim/2
Y_Sac6p/2
0.10
(b)
(a)
CH1
CH2
sCH
H_Spc/2
H_Aac/2
H_Dtn_1/2
Mm_ACF7_1/2
H_Pct/2
H_Dys/2
H_Utro/2
Dd_Cort_1/2
Pp_ABP46/2
H_Fil/2
Dd_ABP120/2H_TFim/2 Dd_Fim/2
Y_Sac6p/2
H_TFim/4
Dd_Fim/4
Y_Sac6p/4
H_Spc/1
H_Dtn_1/1
Mm_ACF7_1/1
H_Pct/1
H_Aac/1
H_Dys/1
H_Utro/1
H_Fil/1
Dd_ABP120/1
Dd_Cort_1/1
Pp_ABP46/1
H_TFim/3
Dd_Fim/3
Y_Sac6p/3
H_TFim/1
Dd_Fim1Y_Sac6p/1
Mj_CAP-1
H_Clp_H1H_orfp
H_Vav
Ce_c35b8
H_SM22
Rn_NP25
Eg_myophag
Y_or367w
H_IQGAP_1
Y_Iqgap
Fs_neurp
0.10
Structure
The CH2 domain may also regulate the interaction with
F-actin. In α-actinin, the binding site for phosphatidyl-
inositol-4,5-bisphosphate, a lipid that modulates the actin
cross-linking activity, has been mapped to a region that
corresponds to residues 17–32 of sCH2 [27] (see Figure 4).
This interaction has not yet been detected experimen-
tally using the isolated sCH2 domain (data not shown).
However, we have discussed the possibility that a triangle
of positively charged amino acids (His25, Arg32 and
Lys56) on the surface of the sCH2 domain could contact
the three phosphate groups of the ligand [10]. Another
method of regulation may be mediated by the interaction
of the CH2 domain with the calmodulin-like domain of
the other subunit in spectrin, α-actinin and ABP-120.
The calmodulin-like domain may modulate the actin-
binding properties by making a contact with the actin-
binding site of the opposing subunit. It has been found
that the second CH domain is necessary for the assembly
of the α and β subunits of spectrin [28].
Evolution of the CH domain
The sequence homology, and hence the evolutionary rela-
tionship, between proteins is easier to understand with the
aid of a phylogenetic tree. The phylogenetic tree based on
the alignment of Figure 4 clearly reveals the three sub-
families previously described [8] and is very similar to the
result of an independent analysis recently carried out by
Gimona and coworkers [29]. These branches correspond
to the CH1 and CH2 domains of cytoskeletal proteins
and the domains present as a single copy in calponin and
signalling proteins (Figure 8a). Within each group, the
minimum sequence identity is 10%, and the average iden-
tity between the three groups ranges from ~5 to 20%.
The branching of the CH domain tree must have functional
implications. However, it is not possible to say whether the
group of single CH domains is evolutionarily closer to the
CH1 or the CH2 group. Regarding its function, little is
known about how the proteins harbouring a single CH
domain bind to actin — if they do at all. In other words, it is
not clear whether the single CH domain of proteins such as
calponin binds to actin by a similar mechanism to that of
the tandem domains of actin cross-linking proteins [24]. A
538-residue fragment of IQGAP that includes the CH
domain is able to bind to F-actin [23]. Inspection of the
single CH sequence, however, does not show a clear con-
servation pattern of the residues corresponding to the puta-
tive actin-binding site (Figure 4). The residues of helix G,
such as the invariant Trp232 in fCH1, are not conserved in
the single domain branch of the family (Figure 4). Never-
theless, the sequence in the region spanning the end of
helix F, the F–G loop and the beginning of helix G is
similar to the corresponding segment of the CH1 group.
It has been proposed that IQGAP would bind to actin as a
dimer [23]. In this case, the juxtaposition of two CH
domains from different polypeptide chains might mimic the
tandem CH domains of the actin-binding region in spectrin,
filamin and fimbrin. On the other hand, the fact that a frag-
ment of IQGAP containing only one CH domain can bind,
and the entire protein is able to cross-link actin, suggests
that a single CH domain could be functional in actin
binding. Alternatively spliced isoforms of proteins, which
bind to intermediate filaments, are known to exist. These
isoforms lack a fragment that corresponds to the first CH
domain of the tandem arrangement [30]. It would be inter-
esting to know whether these isoforms can still bind actin.
It is possible that the CH2 domain of F-actin cross-linking
proteins lost its function and adopted an auxiliary role
after an ancient duplication. A phylogenetic tree built
from the alignment of the entire actin-binding region (i.e.
CH1 plus CH2) which includes the different cytoskeletal
protein families is shown in Figure 8b. The actin-binding
region of the proteins that bind to intermediate filaments
(dystonin, ACF7 and plectin) is most closely related to the
corresponding region in proteins of the spectrin family. In
plectin, a domain contiguous to the actin-binding region is
homologous to the first structural repeat in spectrin [30]
(Figure 1), suggesting that the proteins of the plectin
family acquired their actin-binding region from an ances-
tor similar to spectrin by a shuffling mechanism. Another
interesting point concerns the possible duplication of the
actin-binding region in fimbrin. The position of the two
actin-binding regions of fimbrin in the tree indicates that
such a duplication was a relatively ancient event, taking
place earlier than the divergence between human fimbrin
and its yeast homologue Sac6p.
The CH domain family seems to be yet another case
where structural homology does not imply functional
identity (orthology). Sequence conservation between the
three branches of the family has mostly a structural expla-
nation, and conservation of surface residues with possible
functional roles appears to be restrained to each subfamily.
The two CH domains within the tandem arrangement
have specialised functions. One domain probably makes a
close contact with the actin filament, whereas the other
has some auxiliary (regulatory) function. The function of
single CH domains may not be related to actin binding, or
if they do interact with F-actin they employ a different
mechanism to that used by the tandem domains [24]. It is
possible that the CH domain family is characterised by a
similar diversity of function to that postulated for the large
family of pleckstrin homology (PH) domains [31].
Biological implications
The calponin homology (CH) domain is a protein module
found in cytoskeletal proteins. Two CH domains in
tandem comprise the actin-binding region of many pro-
teins that are able to cross-link actin to form meshwork
or bundles. In addition, the CH domain is found as a
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single copy in proteins that regulate muscle contraction
and in signal-transduction proteins. Despite their obvious
importance, the precise role of these domains in the
organisation of the cytoskeleton and the function of
single-copy domains remains obscure. 
We have refined the crystal structure of a CH domain
of β-spectrin to atomic resolution and studied its func-
tional properties. This domain forms one half of the
actin-binding site in β-spectrin. Several other proteins
have a homologous actin-binding region with two
tandem CH domains. A structure-based sequence
comparison of the entire CH domain family resulted in
its division into three branches. The two domains
(CH1 and CH2) that comprise the actin-binding region
of a number of cytoskeletal proteins form two
branches, and the third branch contains domains that
occur as a single copy in the host proteins. Experimen-
tal evidence suggests that the CH1 domain has a key
role in the interaction with actin filaments, whereas the
CH2 domain enhances the binding affinity but it alone
does not bind to F-actin. A shallow and largely
hydrophobic groove was identified on the surface of the
CH1 domain and extends into the CH2 domain;
several residues that are implicated in actin binding
reside within this groove. We conclude that this is the
binding site for F-actin in the tandem domain moiety.
Materials and methods
F-actin binding assay
Protein expression and purification were carried out as described previ-
ously [10]. Binding to F-actin was analysed by a cosedimentation assay
[22]. Briefly, 10 µM F-actin was incubated for 30 min at room tempera-
ture with increasing concentrations of the individual CH2 domain [10],
which was also used for crystallisation experiments, or the entire actin-
binding region of β-spectrin (residues 1–281). The samples were then
ultracentrifuged at 100 000 rpm in a benchtop Beckmann TL-100 cen-
trifuge, and equal amounts of supernatant and pellet were analysed
using sodium dodecyl sulphate polyacrylamide gel electrophoresis
(SDS–PAGE). Band intensities were quantified by densitometry. The
experiments were performed in a buffer containing 10 mM Tris-HCl
(pH 7.0), 100 mM NaCl, 1 mM MgCl2, 0.1 mM CaCl2, 0.1 mM ATP,
1 mM DTT and 1 mM NaN3.
Data collection and reduction
Crystallisation was carried out as described previously [10]. Diffrac-
tion data were collected on the wiggler BW7B beamline at the syn-
chrotron source at EMBL Hamburg (c/o DESY, Germany) on the
30 cm MAR image-plate detector (λ = 0.8883 Å). Crystals were
placed in the mother liquor solution containing 12.5% glycerol as cry-
oprotectant, mounted in a loop, shock-frozen and kept at 100K in a
nitrogen gas stream. A single crystal was used to record the entire
data set in four sweeps, at different exposure times, in order to
record accurately both the strongest low-resolution and the weakest
high-resolution diffraction intensities. The images were processed
using the programs XDISPLAY, DENZO and SCALEPACK of the
HKL package [32]. A summary of the data collection and reduction
statistics is given in Table 1.
Refinement
The three-dimensional model of the CH domain refined to 2.0 Å resolu-
tion was used as the starting model for the refinement against the 1.1 Å
resolution data set. The model was initially subjected to a number of
cycles of restrained least-squares refinement with the program suite
TNT [33]. The refinement process was monitored using a cross-validat-
ing Rfree factor, calculated from an independent set constituting 7% of
the measured reflections. The resolution was gradually increased (in
steps of 0.1 Å) to reach the diffraction limits of 1.1 Å, an Rcryst of 0.188
and an Rfree of 0.225. An individual isotropic B-factor model was used
throughout this stage of the refinement. 
All subsequent refinement was carried out against the data to 1.1 Å
resolution with the SHELX-97 package [34]. Solvent positions were
assigned automatically by SHELX, and also checked in the graphics
program O [35] for density and hydrogen-bonding patterns at 3σ in
Fo–Fc difference maps. The geometry was restrained using the stan-
dard Engh and Huber restraints [36]. The B-factor model applied for
the atomic resolution data included individual anisotropic B factors
for all protein and solvent atoms. The anisotropy was restrained,
however, to describe similar shape (DELU) and have similar direction
(SIMU) for bonded atoms. For solvent atoms the anisotropy was
restrained to be spherical (ISOR). When the refinement of the non-
hydrogen atoms in the model reached the conversion, hydrogen
atoms were calculated at their expected positions and included in the
refinement as fixed-atom contribution. The final statistics for the
refined model are presented in Table 1.
The quality of the final model was assessed with the PROCHECK
program package [37] and built-in features of the SHELX-97 comple-
mentary program SHELXPRO. Inspection of the Luzzati plot [38]
showed that the estimates of the average errors in atomic coordinates
for the atomic coordinates of the model, assuming perfect data, is
close to 0.05 Å. The final model has 90.9% of residues in the core and
9.1% in the additionally allowed regions of the Ramachandran plot
[39], as calculated with PROCHECK.
Structural superposition and analysis of the domain interface
Superposition of the Cα atoms of sCH2, fCH1 and fCH2 models
was initially performed using the program SUPERIMPOSE [40].
Superposed models were carefully inspected with the aim of locating
the regions showing clear structural homology. These segments,
reported in Figure 3b, were included in the further refinement of the
superposition matrices, using the LSQKAB program from the CCP4
suite [41]. The domain interactions in the actin-binding region of
fimbrin were analysed by the protein–protein interaction server [25]
(http://www.biochem.ucl.ac.uk/bsm/PP/server/index.html).
Sequence comparison
After the initial alignment of the sequences of sCH2, fCH1 and fCH2
using the superposition of the three structures, we used the
CLUSTALX program [42] for the addition of other CH domain
sequences, employing the secondary structure parameters that
penalise the opening and extension of gaps along the secondary
structure elements of the protein, and manually editing the alignment
when necessary with the SEQLAB program of the Wisconsin Genet-
ics Computer Group (GCG) package. The analysis of the conserva-
tion of the residues environment was performed using the program
ENVIRON [43]. The coordinates of the sCH2 structure at 1.1 Å as
well as the general alignment were used as input. The phylogenetic
trees were computed by the ‘neighbour-joining’ method as imple-
mented in CLUSTALX, and viewed with TREETOOLS [44].
Accession numbers
The coordinates of the β-spectrin CH domain have been deposited in
the Brookhaven PDB with accession code 1bkr.
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